We studied the inheritance and linkage of ACO-1, ACO-2, AAT-1, AAT-2, EST-3, EST-6, FDH, LAP-1, PGD-2, SKDH, and TPI-1 in four F 2 populations of grasspea (Lathyrus sativus L.) using horizontal starch-gel electrophoresis. Mendelian inheritance was observed for all of the isozymes studied. All isozymes showed codominant gene expression except for EST-3, which was expressed in a dominant fashion due to the presence of a null allele. Monomeric quaternary structure was observed for ACO-1, ACO-2, EST-6, LAP-1, and SKDH. Dimeric quaternary structure was observed for AAT-1, AAT-2, FDH, PGD-2, and TPI-1. The isozyme loci Aat-2 and Skdh were linked with a map distance of 28 cM.
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We studied the inheritance and linkage of ACO-1, ACO-2, AAT-1, AAT-2, EST-3, EST-6, FDH, LAP-1, PGD-2, SKDH, and TPI-1 in four F 2 populations of grasspea (Lathyrus sativus L.) using horizontal starch-gel electrophoresis. Mendelian inheritance was observed for all of the isozymes studied. All isozymes showed codominant gene expression except for EST-3, which was expressed in a dominant fashion due to the presence of a null allele. Monomeric quaternary structure was observed for ACO-1, ACO-2, EST-6, LAP-1, and SKDH. Dimeric quaternary structure was observed for AAT-1, AAT-2, FDH, PGD-2, and TPI-1. The isozyme loci Aat-2 and Skdh were linked with a map distance of 28 cM.
Grasspea (Lathyrus sativus L.) is grown as a major pulse crop in Bangladesh, China, India, Nepal, and Pakistan and to a lesser extent in many countries of Europe, the Middle East, North Africa, and in Chile and Brazil in South America (Campbell et al. 1994) . The capability to withstand drought and excessive soil moisture has made grasspea an outstanding crop in unfavorable growing conditions.
Isozymes have been used as biochemical markers to measure genetic diversity, identify cultivars, assess varietal purity, produce linkage maps, do phylogenetic studies, and determine outcrossing rates in plants. Although isozyme markers may not be abundant in a species, their codominant inheritance has made them useful in certain situations. In linkage mapping experiments, codominant markers are often preferred over dominant markers, as they carry more information on the recombination fraction than dominant markers in the F 2 segregating population (Mather 1963) . Grasspea, faba bean (Vicia faba), pea (Pisum sativum), and lentil (Lens culinaris) belong to the tribe Viceae of the family Fabaceae. Inheritance and linkage analysis of isozymes has been carried out in faba bean (Suso et al. 1993), pea (Weeden and Marx 1987) , and lentil ( Vaillancourt and Slinkard 1993). However, no such studies have been reported in grasspea. Isozyme variation has been studied in grasspea without the allelic interpretation of the zymogram considering the isozyme banding pattern as a phenotype ( Yamamoto et al. 1986; Yunus et al. 1991 ). An inheritance study will provide an allelic interpretation of phenotypic variations of isozymes in grasspea and express the phenotypes in terms of genotypes. Knowledge of inheritance will provide more reliable genetic interpretation of the zymogram in this crop. Linkage analysis will allow identification of isozymes that belong to the same linkage group. In the present study we report the inheritance and linkage of 11 isozyme loci in grasspea.
Materials and Methods

Plant Materials
Four crosses have been made among eight subaccessions (PI 283564c.3 ϫ PI 426885.2, PI 358601.5 ϫ PI 173714.5, PI 426891.1 ϫ PI 172930.4, and PI 283549a.6 ϫ PI 202803a.3). As outcrossing occurs in grasspea (Chowdhury and Slinkard 1997; Rahman et al. 1995) , the subaccessions were selfed for three generations to achieve homozygosity. The homozygosity of the isozyme markers in the parents was finally confirmed by excluding any marker segregating in the F 1 . Isozyme data from 180 F 2 plants in each cross were analyzed for the inheritance and linkage study.
Isozymes
Starch-gel electrophoresis was performed on crude protein extract of freshly germinated cotyledons. The extraction buffer was prepared by adding 1.0 g PVP-40, 20 mg MgCl 2 , 8 mg KCl, 4 mg EDTA, 2 drops Triton X-100, and 0.2 ml mercaptoethanol in 10 ml of 0.1 M Tris-HCl pH 7.4 buffer. Eight enzyme systems, aconitase (ACO, EC 4.2.1.3), aspartate aminotransferase (AAT, EC 2.6.1.1), esterase ( EST, EC 3.1.1.-), formate dehydrogenase ( FDH, EC 1.2.1.2), leucine aminopeptidase ( LAP, EC 3.4.11.1), 6-phosphogluconate dehydrogenase (PGD, EC 1.1.1.44), shikimate dehydrogenase (SKDH, EC 1.1.1.25), and triosephosphate isomerase ( TPI, EC 5.3.1.1) were assayed. Eleven isozymes (ACO-1, ACO-2, AAT-1, AAT-2, EST-3, EST-6, FDH, LAP-1, PGD-2, SKDH, and TPI-1) from eight enzyme systems were separated on 12% hydrolyzed potato starch (Sigma, S-4501) gels in appropriate electrode and gel buffer systems [AAT-1, AAT-2, EST-3, FDH, and LAP-1 in system I (Selander et al. 1971) ; ACO-1, ACO-2, and PGD-2 in system II (Cardy et al. 1980 ); EST-6 and TPI-1 in system III (Meizel and Merket 1967) ; and SKDH in system IV (Clayton and Tretiak 1972) ]. ACO was stained following the recipes of Cardy and Beversdorf (1984) . AAT, EST, FDH, and LAP were stained following recipes of Weeden and Emmo (1984) and PGD, SKDH, and TPI were stained following recipes of Wendel and Weeden (1989) . Isozymes and their loci were designated following the guideline of Weeden (1988) .
Statistical Analysis
Inheritance was determined for each isozyme marker by the chi-square goodnessof-fit test (Mather 1963) . MapMaker ( Lander et al. 1987 ), a linkage software, was used to detect linkage and construct the linkage map. The linkage group was detected on the basis of a two-point linkage test, using the Group command. The criteria for declaring a linkage were LOD ( logarithm of odds) ϭ 4 and recombination fraction ϭ 0.30 (ഠ50 cM map distance). Map distance between the markers was determined by the Map command. The map distance was set to Haldane's centiMorgans ( Haldane 1919) . The standard error of the map distance was calculated and the homogeneity of the linkage data over different crosses was tested using the procedure described by Mather (1963) .
Results
Inheritance
Asparate aminotransferase. Three zones of isozyme activity (AAT-1, AAT-2, and AAT-3) were observed for AAT ( Figure 1) . Polymorphism for AAT-1 was observed in the crosses PI 358601.5 ϫ PI 173714.5 and PI 426891.1 ϫ PI 172930.4 and for AAT-2 in the crosses PI 283564c.3 ϫ PI 426885.2, PI 358601.5 ϫ PI 173714.5, and PI 426891.1 ϫ PI 172930.4 ( Table 1) . Both isozymes were dimeric as confirmed by the presence of a three-banded phenotype in the heterozygotes ( Figure 1 ). Codominance for AAT-1 and AAT-2 was confirmed by the presence of three phenotypic classes ( F, H, and S) ( Figure 1 ) and their good fit to the 1:2:1 F 2 ratio ( Table 1 ). The zone of enzyme activity of AAT-2 overlapped with the zone of activity of AAT-3 ( Figure 1 ). Comigration of isozymes was observed between AAT-2 and AAT-3. The band with intermediate mobility in the heterozygotes of AAT-2 comigrated with the monomorphic isozyme band of AAT-3 ( Figure 1 ), presumably coded for by an independent locus.
Aconitase. Two zones of isozyme activity (ACO-1 and ACO-2) were observed for ACO ( Figure 1 ). Polymorphism for ACO-1 was observed in the cross PI 358601.5 ϫ PI 173714.5 and in the crosses PI 358601.5 ϫ PI 173714.5 and PI 426891.1 ϫ PI 172930.4 ( Table 1 ). The isozymes ACO-1 and ACO-2 were monomeric, as confirmed by the presence of a two-banded phenotype in the heterozygotes ( Figure 1 ). Codominance for ACO-1 and ACO-2 was confirmed by the presence of three phenotypic classes ( Table 1) and their good fit to the 1:2:1 F 2 ratio ( Figure 1) .
Esterase. Four zones of isozyme activity ( EST-1, EST-2, EST-3, and EST-6) were observed for EST in two different buffer systems ( Figure 1) . Polymorphism for EST-3 was observed for EST-3 in the crosses PI 283564c.3 ϫ PI 426885.2 and PI 426891.1 ϫ PI 172930.4, and for EST-6 in the cross PI 283549a.6 ϫ PI 202803a.3 ( Table 1 ). EST-3 showed a lack of activity in one parent and approximately one-fourth of the F 2 individuals, suggesting dominant inheritance of this isozyme and a possible null allele. A good fit to a 3:1 ratio confirmed the dominant Mendelian inheritance for EST-3 ( Table 1). The isozyme EST-6 was monomeric, as confirmed by the presence of a twobanded phenotype in the heterozygotes ( Figure 1 ). Codominance for EST-6 was confirmed by the presence of three phenotypic classes ( Figure 1 ) and their good fit to the 1:2:1 F 2 ratio ( Table 1) . Formate dehydrogenase. One zone of isozyme activity was observed for FDH ( Figure 1) . Polymorphism for FDH was observed in the cross PI 426891.1 ϫ PI 172930.4 ( Table 1 ). The isozyme was dimeric, as confirmed by the presence of a three-banded phenotype in the heterozygotes ( Figure 1 ). Codominant inheritance for FDH was confirmed by the presence of three phenotypic classes ( Figure 1 ) and their good fit to the 1:2:1 F 2 ratio ( Table  1) .
Leucine aminopeptidase. Two zones of isozyme activity ( LAP-1 and LAP-2) were observed for LAP ( Figure 1 ). Polymorphism for LAP-1 was observed in the cross PI 283564c.3 ϫ PI 426885.2 and PI 283549a.6 ϫ PI 202803a.3 ( Table 1) . LAP-1 was monomeric, as confirmed by the presence of a two-banded phenotype in the heterozygotes. Codominant inheritance for LAP-1 was confirmed by the presence of three phenotypic classes ( Figure 1 ) and their good fit to the 1:2:1 F 2 ratio ( Table  1) .
Phosphogluconate dehydrogenase. Two zones of isozyme activity (PGD-1 and PGD-2) were observed for PGD ( Figure 1 ). Polymorphism for PGD-2 was observed in the cross PI 426891.1 ϫ PI 172930.4 and PI 283549a.6 ϫ PI 202803a.3 ( Table 1) . PGD-2 was dimeric, as confirmed by the presence of a three-banded phenotype in the heterozygotes ( Figure 1 ). Codominant inheritance for PGD-2 was confirmed by the presence of three phenotypic classes ( Figure 1) and their good fit to the 1:2:1 F 2 ratio ( Table 1) . Distorted segregation was observed for this isozyme in the cross PI 283549a.6 ϫ PI 202803a.3. ( Table 1) . SKDH was monomeric, as confirmed by the presence of a two-banded phenotype in the heterozygotes ( Figure 1 ). Codominant inheritance for SKDH was confirmed by the presence of three phenotypic classes ( Figure 1 ) and their good fit to the 1:2:1 F 2 ratio ( Table  1) .
Shikimate dehydrogenase.
Triosephosphate isomerase. Two zones of isozyme activity ( TPI-1 and TPI-2) were observed for TPI ( Figure 1) . Polymorphism for TPI-1 was observed in the cross PI 283549a.6 ϫ PI 202803a.3 ( Table 1 ). TPI-1 was dimeric, as confirmed by the presence of a three-banded phenotype in the heterozygotes ( Figure 1 ). Codominant inheritance for TPI-1 was confirmed by the presence of three phenotypic classes ( Figure 1) and their good fit to the 1:2:1 F 2 ratio ( Table 1) .
Linkage
Linkage was analyzed for each individual F 2 population. The marker, PGD-2, showing distorted segregation, was included in the linkage analysis, as suggested by Lie et al. (1994) . Only 2 of the 11 isozymes (AAT-2 and SKDH) showed linkage. AAT-2 and SKDH were linked in the crosses PI 283564c.3 ϫ PI 426885.2 and PI 358601.5 ϫ PI 173714.5. Other markers assorted independently in the respective crosses. AAT-2 and SKDH were linked with a map distance of 24 cM and 31 cM in the crosses PI 283564c.3 ϫ PI 426885.2 and PI 358601.5 ϫ PI 173714.5, respectively ( Table 2 ). The chi-square test of homogeneity was performed before pooling the data over two crosses ( Table 2) . A nonsignificant chisquare value indicated homogeneity of the cosegregating classes over different crosses. The data were pooled over two crosses and a map distance of 28 cM between SKDH and AAT-2 was obtained from the pooled data ( Table 2) .
Discussion
Usually in an enzyme system different isozymes have similar quaternary structure. The quaternary structure of the polymorphic isozymes observed in the present study fully agreed with the quaternary structure of the respective isozymes in other plant species (Suso et al. 1993; Vaillancourt 1989; Weeden et al. 1992; Zanetto et al. 1996) . As in the present study, ACO-1 and ACO-2 both were functional in monomeric quaternary structure and AAT-1 and AAT-2 were functional in dimeric quaternary structure. Usually a single band appears in the homozygotes and multiple bands in the heterozygotes within a zone of isozyme activity. The numbers of bands observed in heterozygotes suggest the quaternary structure of the isozymes. Two bands occur in the heterozygotes for monomeric isozymes, three bands for dimeric isozymes, four bands for trimeric isozymes, and so on. If distinct zones of enzyme activity can be discerned on a gel (i.e., the zones of isozyme activity are well separated), as typically occurred in the ACO-1 and ACO-2 in the ACO enzyme system and PGD-1 and PGD-2 in the PGD enzyme system in the present study, the allelic interpretation may safely be conferred by extrapolation of the respective isozymes in the related species. The distinct zones of isozyme activity are mostly coded by different loci and the variants within a particular zone are usually due to different alleles or their interaction ( heterozygotes). Monomorphic bands presumably are coded by an independent locus. In addition, complicated banding patterns may be observed due to duplicate gene action and/or overlapping of the zones of isozyme activity on the gel. In such cases, allelic interpretation of the zymogram may not be done with certainty by extrapolation. In the present study, AAT-2 and AAT-3 are typical examples where overlapping of the zones of enzyme activity occurred. The activity zone of AAT-1 was well separated from the activity zones of AAT-2 and AAT-3, allowing putative allelic interpretation of AAT-1. The complicated banding pattern of AAT-2 and AAT-3 requires an inheritance study on these two isozymes for their allelic interpretations.
Linkage was detected between two loci (Aat-2 and Skdh) in the present study. These two loci are also linked in other genera of the tribe Viceae. In lentil, linkage between SKDH and AAT-mb was reported (Muehlbauer et al. 1989; Tahir and Muehlbauer 1994) . Linkage between AAT-m and SKDH was reported in pea (Weeden and Marx 1987) and lentil (Muehlbauer et al. 1989 ). Information about the subcellular localization of AAT in grasspea (data not available) may provide a further clue to its possible homology. The failure to establish more linkages may be due to the limited number of isozymes segregating in each cross. No more than six isozymes were segregating in a single cross in the present study. To establish more linkages, genetically more diverse parents should be selected in a crossing program to allow segregation for a larger number of polymorphic isozyme loci in a single cross, or alternatively, many crosses have to be made, using different parental combinations. Molecular markers could also be included along with isozymes to establish more linkages among the isozymes.
Flower color has been used to determine outcrossing rate in the natural population of grasspea (Chowdhury and Slinkard 1997; Rahman et al. 1995) . However, dominant inheritance and pollinators' preferences pose limitations to the use of flower color for an unbiased estimation of outcrossing rate in grasspea. In such cases isozyme markers will provide a better estimate, as isozyme markers are selectively neutral and are mostly codominant. Moreover, isozymes can be assayed from the cotyledons, allowing early detection of the outcrossed individuals. As the genetic basis of isozymes are now known in grasspea, they can be used for assessing outcrossing rate, surveying genetic polymorphism, measuring genetic diversity, or for further linkage studies in grasspea.
